When the concentration of the antibiotic cerulenin was increased up to 3.0 mg/Z in medium containing ethanol as a carbon source, the specific growth rate of Acinetobucter culcouceticus and the fatty acid content of the emulsan decreased from 0.179 h-l and 13.9% to 0.015 h-l and 3.4x, respectively. The emulsifying activity in medium containing cerulenin decreased with increasing cerulenin concentration. In the culture containing 3.0 mg/l cerulenin, fatty acid biosynthesis was inhibited. Various fatty acids were added to this inhibitory culture as a second carbon source to modify the fatty acid group in the emulsan. When an odd-numbered fatty acid was added, the resulting emulsan was found to have other odd-numbered fatty acids that were not present originally. Among the emulsan produced from even-numbered fatty acids, the emulsan produced from myristic acid ((214) contained the greatest amount of the same-numbered fatty acids. When the amount of supplemental my&tic acid was increased, the myristic acid content in the emulsan increased, but its emulsifying activity decreased.
Microbial biosurfactants have recently been studied intensively because of their useful functional properties, such as emulsification, phase separation, wetting, foaming, solubilization, corrosion inhibition, and viscosity reduction. Biosurfactants have marked advantages over chemically synthesized surface-active compounds and can replace conventional surfactants in many areas including agriculture, industrial cleaning, the food and beverage, textile, cosmetics, and pharmaceutical industries. Their advantages are numerous: they have many potential applications due to their novel structural characteristics and physical properties; they are produced from renewable substrates; they can be readily modified by genetic engineering, biologically or biochemically; and they are biodegradable (1).
Emulsan, one of the most promising biosurfactants, is an extracellular lipopolysaccharide biosurfactant produced by Acinetobacter calcoaceticus RAG-l. Emulsan has an average molecular weight of about 1000 kDa and can be produced from water-immiscible substrates, as well as water-soluble substrates such as ethanol (2). Emulsan consists of a hydrophilic carbohydrate backbone and a group of hydrophobic fatty acids linked by an ester or amide, which gives emulsan its amphiphilic properties (3). The carbohydrate backbone of emulsan consists of D-galactosamine, D-galactosaminuronic acid, and an unidentified monosaccharide. In addition, emulsan contains 1%25% protein with an average molecular weight of lo-90 kDa (4,5). The protein can be removed leaving apoemulsan which retains the properties of the native emulsan (6). Belsky et al. (3) suggested that both the total amount and distribution of fatty acids in an emulsifier play an important role in its emulsifying activities. The fraction * Corresponding author. of 3-hydroxymyristic acid residues in lichenicin A, a lipopeptide biosurfactant from Bacillus licheniformis BASSO, was reported to be one of the most important factors influencing its surface activity (7). We previously reported that the 3-hydroxydodecanoic acid content of emulsan played a role in its emulsifying activity (8). It was also reported that modifying the fatty acid in biosurfactants affected the properties of each biosurfactant (9, 10). By using different strains and cultivation conditions, the fatty acid group in biosurfactants can be modified to improve their properties (11).
In this study, we attempted to modify emulsan biologically by supplementing the media with fatty acids under conditions inhibiting fatty acid biosynthesis, to change its functional properties.
MATERIALS AND METHODS

Microorganism and culture conditions
A. calcoaceticus RAG-l ATCC 31012 was used to prepare the emulsan products. The basal medium contains 5 ml ethanol, 2 g urea, 16.9 g K2HP04, 7.3 g KH2P04, 0.5 g MgS04. 7H20, 1.08 mg CaC12. 2H20, 1.87 mg CuS04. 5H20, 1.81 mg FeS04.7H20, 1.78mg MnS04.4H20, 1.27 mg ZnS04.7Hz0, 2.36 mg CoC12.6H20, and 2.10 mg Na2MoOl per liter (12). The mineral solutions were sterilized separately to avoid precipitation. The medium used to biologically modify emulsan under conditions inhibiting fatty acid biosynthesis consisted of 0.5% (v/v) ethanol, 0.5% (v/v) fatty acids, which were added after 24 h cultivation, and basal medium containing 3.0 mg/l cerulenin instead of 0.5% ethanol. The frozen culture was thawed in a water bath at 30°C and inoculated into a 250-ml Erlenmeyer flask containing 50 ml of the basal medium. The flask was incubated in a rotary-shaking incubator (NBS, USA) at 3O"C, 250 rpm, for 24 h, and cul-
tivated for 16 h in fresh medium. Thereafter, 5 ml of the subculture broth was transferred to a 2.8-l Furnback flask containing 500 ml of either the basal medium or the medium for biological modification. Fermentation experiments were performed in a rotary-shaking incubator at 30°C 250rpm, for 72 h. The initial pH of the culture was in the range of 7.0 to 7.2. Isolation and purification of emulsan Cells were removed from the culture broth by centrifugation. To precipitate the lipopolysaccharide, 47% ammonium sulfate was added to the supernatant solution and the mixture was allowed to stand overnight at 4°C. The precipitate was centrifuged, dialyzed using dialysis tubing (molecular weight cut off 12-14 kDa) against distilled water in the cold room, and freeze-dried. The emulsan was extracted from the freeze-dried sample for 1 d with diethyl ether using a Soxhlet apparatus and then dried. The emulsan sample obtained was used for structural analysis (4). 
Analytical methods
The fatty acids in emulsan were determined using Belsky's method (2). Purified emulsan, 5 mg, was hydrolyzed for 16 h in 2 ml of 6N-HCl at 100°C while purging with nitrogen, then cooled and extracted thrice with diethyl ether. The sample was dried by evaporating off the diethyl ether and analyzed by GLC-FID using a capillary column. The oven temperature was increased from 100°C to 280°C at a rate of S"C/min and benzoic acid was used as an internal standard. Each peak was determined by using GC-MS. gated in the basal medium. When the cerulenin concentration was increased, the specific growth rate decreased and was almost completely inhibited at cerulenin concentrations above 3.0 mg/l, as shown in Fig. 1 . Therefore, a culture containing 3.0mg/l cerulenin was defined as one in which fatty acid biosynthesis was inhibited.
The emulsifying activity of emulsan was measured using a modification of Zuckerberg's method (4). A lmg emulsan sample was dissolved in 0.1 ml of test oil (hexadecane : 2-methylnaphthalene= 1 : 1, v/v) in a 125-ml Erlenmeyer flask containing 7.5 ml of TM buffer (20 mM Tris-HCl, pH 7.2, 10 mM MgS04.7Hz0).
The flask was reciprocally shaken at 30°C for 1 h (150 strokes/ min) and the buffer solution was used for the activity measurement. The emulsifying activity was determined by measuring the increase in the optical density at 600 nm. One unit of emulsifying activity was defined as one absorbance unit using a spectrophotometer.
The properties of emulsan produced in the presence of various cerulenin concentrations are shown in Table 1 . As the cerulenin concentration increased, the hydrophilic-lipophilic balance and intrinsic viscosity increased. These results suggest that the emulsan produced at a higher cerulenin concentration became more hydrophilic and had a larger hydrodynamic volume. The emulsifying activity was higher in the presence than in the absence of cerulenin, although the activity decreased with increasing cerulenin concentration in medium containing cerulenin.
The hydrophilic-lipophilic balance of emulsan was determined using the back-titration method according to Greenwald et al. (13) . A 0.01 g emulsan sample was dissolved in 10ml of distilled water and titrated using an oil mixture (4% benzene + 96% 1,6dioxane) until the first trace of turbidity appeared. The value of the hydrophilic-lipophilic balance was determined from the values for the sucrose-lipid esters (Ryoto esters) used as standards. The intrinsic viscosity was measured using a capillary viscometer in a 25°C water bath. The specific growth rate was determined from the slope of the logarithm of optical density (600 nm) versus time curve. Figure 2 shows the effect of cerulenin concentration on the fatty acid content in medium containing 1.0% ethanol. The fatty acid content in the emulsan decreased from 13.9% to 3.4%, as the cerulenin concentration was increased from 0.0 to 3.0mg/l. The relationship between the fatty acid content (Y) and the cerulenin concentration (X) is given by Y=13.36-3.34X (r2=0.983). The slope of this line represents the degree of inhibition of fatty acid biosynthesis by cerulenin, and shows that a 1 mg/l increase in cerulenin decreased the fatty acid content by 3.34%.
Biological modification of em&au by addition of odd-numbered fatty acids under conditions inhibiting fatty acid biosynthesis To modify the fatty acid composition of emulsan, odd-numbered fatty acids were added to cultures grown for 24 h under the conditions inhibiting fatty acid biosynthesis. We determined whether the fatty acid added under these conditions was directly
RESULTS
Effect of cerulenin concentration on the growth of A. calcoaceticus and the biosynthesis of fatty acids in em&an Cerulenin, (2s) (3R) 2,3-epoxy-4-oxo-7,10-dodecadienoylamide, is an anti-lipogenic antibiotic produced in Cephalosporium caerulens (14, 15) . Cerulenin, which has a broad effective spectrum range against bacteria and fungi, inhibits the condensation reaction in fatty acid biosynthesis (16). To determine the inhibitory conditions, the effect of cerulenin concentration on the specific growth rate of A. calcoaceticus RAG-l was investi- incorporated into emulsan. The odd-numbered fatty acids tested were heptanoic acid (C7), undecanoic acid (Cll), tridecanoic acid (C13), pentadecanoic acid (ClS), heptadecanoic acid (C17), and nonadecanoic acid (C19). The control consisted of the emulsan produced from 0.5% ethanol without fatty acid supplementation under the conditions inhibiting fatty acid biosynthesis ( Table   2 ).
The changes in the fatty acid composition that occurred with odd-numbered supplemental fatty acids were investigated. Emulsan produced without fatty acid supplementation contained a high proportion of long-chain fatty acids, such as Cl8 and C20, whereas the emulsan produced with odd-numbered supplemental fatty acids had a high proportion of short-chain fatty acids, such as C8, ClO, and C12. All the emulsan samples produced with odd-numbered supplemental fatty acids contained trace amounts of odd-numbered fatty acids, although not the same odd-numbered acid. The trace amounts of odd-numbered fatty acids found included C9, Cll, C13, C15, and C17, and this was confirmed by MS fragmenta-J. BIOSCI. BIOENG., tion. The emulsifying activity, however, was not related to supplementation with odd-numbered fatty acids (data not shown).
Biological modification of em&an by addition of even-numbered fatty acids under conditions inhibiting fatty acid biosynthesis
To modify the fatty acid composition of emulsan, 0.5% of even-numbered fatty acids were added to cultures grown for 24 h under the conditions inhibiting fatty acid biosynthesis. The even-numbered fatty acids tested were caprylic acid (CS), capric acid (ClO), lauric acid (C12), myristic acid (C14), palmitic acid (C16), and stearic acid (C18). The changes in the fatty acid composition of emulsan produced by even-numbered supplemental fatty acids were similar to those produced by odd-numbered supplemental fatty acids (Table 3) . Of the emulsan produced from evennumbered fatty acids, that produced from myristic acid (C14) contained the highest levels of the same-numbered fatty acids. Myristic acid was selected for modification of the fatty acid group in emulsan under conditions inhibiting fatty acid biosynthesis. The emulsifying activity, however, had no relation to the supplementation of even-numbered fatty acids (data not shown).
When myristic acid was supplemented at concentrations up to 1.0% under conditions inhibiting fatty acid biosynthesis, both the myristic acid and total fatty acid contents in emulsan increased (Fig. 3) . These results suggest that myristic acid could be directly incorporated into emulsan. The emulsifying activity decreased with increasing myristic acid concentration, and decreased markedly at myristic acid concentrations above 0.4%. Therefore, the myristic acid and total fatty acid contents in emulsan could be increased and the emulsifying activity could be modified within a limited range by adjusting the concentration of supplemented myristic acid under conditions inhibiting fatty acid biosynthesis.
DISCUSSION
Emulsan with a lower fatty acid content, a more hydrophilic nature, and a larger hydrodynamic volume can Abbreviations are as follows: C8 : 0, caprylic (octanoic) acid; Cl0 : 0, capric (decanoic) acid; Cl2 : 0, lauric (dodecanoic) acid; 2-OH, 2-hydroxylauric acid; 3-OH, 3-hydroxylauric acid; Cl4 : 0, myristic (tetradecanoic) acid; Cl6 : 0, palmitic (hexadecanoic) acid; Cl6 : 1, palmitoleic acid; Cl8 : 0, stearic (octadecanoic) acid; Cl8 : 1, oleic acid; Cl8 : 2, linoleic acid; and C20 : 0, arachidic (eicosanoic) acid.
B Fatty acid was supplemented in the methyl-ester form. t, Below 0.03%. 3.40 Abbreviations are as follows: C8 : 0, caprylic (octanoic) acid; Cl0 : 0, capric (decanoic) acid; Cl2 : 0, lauric (dodecanoic) acid; 2-OH, 2-hydroxylauric acid; 3-OH, 3-hydroxylauric acid; Cl4 : 0, myristic (tetradecanoic) acid; Cl6 : 0, palmitic (hexadecanoic) acid; Cl6 : 1, palmitoleic acid; Cl8 : 0, stearic (octadecanoic) acid; Cl8 : 1, oleic acid; Cl8 : 2, linoleic acid; and C20 : 0, arachidic (eicosanoic) acid.
a Fatty acid was supplemented in the methyl-ester form. t, Below 0.03%.
be obtained in culture in the presence of the antibiotic cerulenin (Table 1) . In culture medium containing 3.0 mg/l cerulenin, fatty acid biosynthesis was shown to be inhibited as was the growth of A. calcoaceticus ( Figs. 1  and 2 ). Both the composition and content of fatty acid in emulsan could be modified under conditions inhibiting fatty acid biosynthesis by the addition of various supplemental fatty acids (Tables 2 and 3) . Under inhibitory conditions, the supplemental fatty acid appeared to be metabolized and biosynthesized by cells and to be incorporated into emulsan because trace amounts of various odd-numbered fatty acids were found in emulsan (Table   2. 2). In the case of myristic acid, however, the fatty acid could be directly incorporated to emulsan because the myristic acid content in emulsan was increased by increasing the concentration of supplemental myristic acid (Fig. 3) . The properties of emulsan, such as its emulsifying activity, could also be modified within a defined range by adjusting the concentration of supplemental myristic acid.
All the emulsan samples produced with odd-numbered supplemental fatty acids contained high concentrations of even-numbered fatty acids and trace amounts of oddnumbered fatty acids. These results can be explained by the fact that the odd-numbered fatty acids are degraded by b-oxidation in cells and as a result, acetyl-CoA and propionyl-CoA are predominantly produced and trace amounts of short-chain odd-numbered fatty acids are formed. Propionyl-CoA undergoes three enzymatic conversions to give succinyl-CoA which yields free succinate, an intermediate of the tricarboxylic acid cycle (17). The even-numbered fatty acids are biosynthesized from acetyl-CoA and are incorporated into emulsan and were found to be the predominant fatty acids in emulsan. The trace amounts of odd-numbered fatty acids are biosynthesized from short-chain odd-numbered fatty acids and acetyl-CoA and are incorporated into emulsan and were then found in emulsan.
There are also reports that modification of the fatty acid composition in the production of itulin (9) and mannosyl-erythritol lipids (10) affects the functional properties of each emulsifier. However, the fatty acid composition and functional properties of emulsan can be varied by changing the conditions of the A. calcoaceticus culture (11). For this reason, it is important to elucidate the factors influencing the fatty acid composition and functional properties of emulsan. In this study, it was found that the fatty acid composition and functional properties of emulsan such as its emulsifying activity could be modified by the use of supplemental fatty acids.
